Purpose To determine whether microperimetry or optical coherence tomography (OCT) imaging can detect early disease in the fellow eye of patients with unilateral focal ischaemic glaucoma. Methods Thirty-seven consecutive adult patients with unilateral focal ischaemic glaucoma with a unilateral split-fixation visual field defect on standard automated perimetry (SAP) with normal SAP in the fellow eye were selected. All patients underwent microperimetry (MAIA, CenterVue, Italy) of the central 10 degrees and OCT imaging (Spectralis, Heidelberg Engineering, Germany) of the retinal nerve fibre layer of both eyes. The main outcome measures were reduced retinal sensitivity on microperimetry and/or retinal nerve fibre layer thinning on OCT imaging of the fellow eye. Results Thirty fellow eyes had abnormal global thresholds on microperimetry, and 20 had abnormal OCT imaging studies. Kappa agreement between tests in fellow eyes was poor (p = 0.2546). Fixation was significantly poorer in fellow eyes on microperimetry when compared to eyes with glaucoma (p < 0.003). In the fellow eyes that were abnormal, microperimetry identified reduced retinal sensitivity at fixation. Conclusion Microperimetry detects reduced retinal sensitivity close to fixation and OCT detects focal thinning of the retinal nerve fibre layer in the fellow eye of most patients with presumed unilateral focal ischaemic glaucoma. Further studies are required to correlate specific optic disc features on OCT imaging with microperimetry in the fellow eye of this patient group.
Introduction
Glaucoma is the most common cause of irreversible blindness worldwide, characterised by permanent loss of retinal ganglion cells [1] . Early deficits in the peripheral or paracentral visual field are common in many forms of glaucomatous optic neuropathy. Focal ischaemic glaucoma is a disease subtype characterised by focal notching of the neuroretinal rim with a congruous visual field deficit, which threatens fixation early in the clinical course ("split-fixation" visual field defect) [2, 3] . Female gender, earlier age of onset, recurrent optic disc haemorrhages and primary vascular dysregulation syndromes (nocturnal hypotension, vasospasm, migraine and Raynaud's phenomenon) are associated with the focal ischaemic glaucoma subtype [2] [3] [4] [5] [6] [7] .
Focal ischaemic glaucoma results in loss of macular sensitivity at or near the point of fixation [8] . Early identification of glaucoma in the fellow eyes of this patient group is critical to reduce the risk of irreversible, bilateral central visual field defects, which may threaten reading ability and legal visual thresholds for driving. Early visual field deficits have a negative impact on quality-of-life measures [9] . Defects in the neuroretinal rim identified by clinical appearances or optic nerve imaging may exist prior to visual field loss detected by standard automated perimetry (SAP) [10, 11] . It follows that more sensitive functional perimetric tools must be identified. Microperimetry (fundus driven perimetry) is a novel diagnostic tool that can evaluate macular sensitivity at specific retinal locations. Microperimetry has been used as an outcome measure in some clinical studies of glaucoma, although it is limited to the evaluation of macular rather than peripheral retinal sensitivity [12, 13] . The utility of microperimetry to detect early focal ischaemic glaucoma, where visual field loss often starts near fixation, has not been evaluated.
This study sought to evaluate the utility of microperimetry and optical coherence tomography (OCT) imaging of the peripapillary retinal nerve fibre layer (RNFL) to detect early abnormalities in the fellow eye of patients with presumed unilateral focal ischaemic glaucoma who achieved a full visual field on SAP in the fellow eye. Additionally, we sought to determine whether there was agreement between microperimetry assessment and OCT imaging if abnormalities were identified in both tests in fellow eyes.
Methods

Patient selection
Patients were recruited prospectively from the glaucoma clinic in a single-centre tertiary referral ophthalmology unit (Oxford Eye Hospital, John Radcliffe Hospital, Oxford, UK). Patients who fulfilled the inclusion criteria and agreed to participate were selected consecutively between February 2014 and June 2015: 37 patients were identified for inclusion in the study. Each participant provided informed consent prior to participation in accordance with the Declaration of Helsinki (Local approval number: 4281).
Inclusion criteria
Adult patients (age >18 years); unilateral primary focal ischaemic glaucomatous optic neuropathy-defined as focal neuroretinal rim loss on clinical examination confirmed objectively by OCT imaging of the peripapillary retinal nerve fibre layer; and congruous unilateral visual field loss close to fixation in the affected eye detected on SAP (Humphrey 24-2, SITA standard). The scotoma was defined as: three contiguous points (p < 0.5) within 5 degrees of fixation with least one point identified as p < 0.05% on pattern deviation and outside normal limits using the glaucoma hemifield test.
Normal SAP was found in all cases in the fellow eye (Humphrey 24-2, SITA standard), defined as: absence of three adjacent points <1% on pattern deviation, no cluster of three points involving a point p < 0.5% on pattern deviation, and normal glaucoma hemifield test result. OCT imaging was not used in the fellow eyes to determine eligibility for the study.
Exclusion criteria
Best-corrected visual acuity of LogMAR 0.6 or worse in either eye; myopia of >−8.00DS or hyperopia of >+6.00DS; inability to perform perimetry for any reason; macular pathology in healthy, fellow eye detected clinically or on OCT imaging of the macula; non-glaucomatous optic nerve pathology; significant lens or posterior capsular opacity in the fellow eye; ocular history of significant additional pathology (diabetic retinopathy, trauma, intraocular inflammation); clinically significant ptosis that interfered with SAP testing; previous intraocular surgery other than cataract surgery (patients with previous trabeculectomy were excluded); and secondary glaucoma (pseudoexfoliation, pigmentary glaucoma, neovascular or inflammatory glaucoma).
Study protocol
A detailed ophthalmic and medical history was taken from each patient. Ophthalmic examination was performed including slit lamp biomicroscopy, Goldmann applanation tonometry, gonioscopy and fundoscopy assessment. Bestcorrected visual acuity was measured using LogMAR acuity charts. At least two reliable, reproducible SAP examinations were performed on different days on both eyes (Humprey 24-2 SITA standard; Humphrey field analyser, model 750, Zeiss-Humphrey Systems, Dublin, CA, USA). Humphrey visual field (HVF) analysis was considered of sufficient quality if fixation losses were <20% and false positives and false negatives <10%. The most reliable SAP test was included in, and determined eligibility for, the study. Digital optic disc photographs and OCT imaging (Spectralis, Heidelberg Engineering, Heidelberg, Germany) of the peripapillary RNFL and macula were undertaken on both eyes of each patient. Intraocular pressure at presentation and use of topical antihypertensive therapies were documented for each patient, although neither parameter prevented participation in the study. All patients were selected by a single, experienced glaucoma specialist (JFS) with specific reference to the exclusion and inclusion criteria. Thirty-seven patients (74 eyes) were analysed. Table 1 describes the baseline clinical characteristics of the study subjects.
Microperimetry
Each subject underwent dark adaptation for at least 15 min prior to examination. Microperimetry examination was conducted with the MAIA Microperimeter (CentreVue, Padova, Italy). The scanning laser ophthalmoscopic image of the macula was inspected prior to the start of the study to exclude structural pathology. The MAIA utilises a Goldmann size III stimulus (200 ms) projected onto a white background with illumination of 1.27 cd/m 2 . A full threshold strategy using 4-2-1 staircase method was used to test 37 points within the central 10 degrees of the visual field (Fig. 1a-c) . This test took around 5 min per eye. The eye with documented glaucoma was examined first, followed by the fellow, study eye. The MAIA software automatically tracks eye movement and records all fixation points throughout the examination. The time between clinical evaluation and microperimetry examination was <4 weeks for each patient.
Outcome measures
The main outcome measures for the study were abnormalities detected in the fellow eyes: thinning of the peripapillary RNFL on OCT imaging, reduction in macular sensitivity on microperimetry assessment, and abnormal fixation behaviour on microperimetry assessment.
Statistical analysis
Normality was determined using the Shapiro-Wilk method. Paired t-tests or Wilcoxon signed-rank tests were used to compare the findings of two eyes. Spearman rank correlation was used to assess the association between microperimetry and OCT. This was explored further with Kappa agreement.
In order to determine the utility of microperimetry in the early detection of glaucoma in the fellow eyes, two assessments were undertaken on each fellow eye. First, the average of the lowest five threshold points on microperimetry was compared to eyes designated as red (outside of normal limits in comparison to a normative database) on OCT imaging and those designated as green (within normal limits in comparison to normative database). This designation is made by Heidelberg Spectralis imaging software based on comparisons to a normative database. Fixation area for 95% of the fixation plots was compared between the eyes using Wilcoxon signed-rank test. In order to determine the level of agreement between microperimetry and OCT imaging of the RNFL, the findings of each test in fellow eyes were tabulated ( Table 2 ). In order to compare the results of superior and inferior hemifields on microperimetry, we selected data as illustrated in Supplement 3: points lying along the horizontal raphe were excluded, and three separate rings (inner, middle and outer) were analysed separately. Fifteen points from the superior hemifield and 15 points from the inferior hemifield were included in the analysis.
All statistics were conducted using StatsDirect (StatsDirect Ltd, Cheshire, UK). The retinal sensitivity at each point was summated and created into a shapefile using 
Results
Microperimetry thresholds and fixation behaviour between glaucoma and fellow eyes
Average microperimetry threshold in the glaucoma eyes was 18.6 ± 4.4 dB versus 26.4 ± 1.4 dB in the fellow eyes (p < 0.05). Average microperimetry thresholds were compared between the eyes with focal ischaemic glaucoma and fellow eyes. Shapiro-Wilk testing demonstrated that the data for the glaucoma eyes were not normally distributed, although fellow eye data were. Wilcoxon signed-rank test was used to compare the microperimetry average thresholds between the two eyes that were different, as expected (p < 0.0001; Fig. 2a ). The mean fixation area was 1.63 degrees squared for glaucoma eyes and 3.0 degrees squared for 
OCT imaging of RNFL between glaucoma and fellow eyes
The average RNFL thickness was 71.7 ± 11.6 µm in the glaucoma eyes versus 85.6 ± 11.3 µm in fellow eyes (p < 0.05). The average RNFL thickness measurements on OCT imaging (global value) were compared between eyes with focal ischaemic glaucoma and fellow eyes. Shapiro-Wilk demonstrated normality of both data sets. Paired t-test demonstrated that the two eyes significantly differed from each other (p < 0.0001).
Microperimetry and OCT imaging in the glaucoma and fellow eyes: global indices
There was no difference between eyes with glaucoma and the fellow eyes when global OCT measurements and global microperimetry thresholds were analysed (Spearman's rank correlation).
Microperimetry sensitivity according to OCT RNFL thickness designation
There was no significant difference between the microperimetry average of the lowest five values in patient's fellow eyes when those fellow eyes designated OCT imaging as "outside of normal limits" were compared with those designated as "within normal limits" ( Fig. 2b ; Table 2 ).
Microperimetry and OCT imaging of RNFL in the fellow eyes
Out of the 37 fellow eyes, 30 had abnormal global retinal sensitivity thresholds on microperimetry, and 20 had abnormal OCT imaging studies (Table 2 and Fig. 1 ). When these tests were combined, only four fellow eyes had normal OCT imaging results and normal retinal sensitivity on microperimetry. Kappa agreement for microperimetry and OCT for fellow eyes was 0.089231 (SE = 0.135165). The 95% confidence interval for kappa = −0.175688 to 0.35415 (p = 0.2546).
Microperimetry: pattern of loss of retinal sensitivity in the glaucoma and fellow eyes
Two-way analysis of variance testing with Bonferroni correction for multiple testing showed a significant difference between the inner ring and the other rings on microperimetry assessment for both glaucoma eyes and fellow eyes (p < 0.005). In the fellow eyes, the difference fell within test-retest limits but not in the eyes with glaucoma (Supplement 2). An average of retinal sensitivity measurements in the glaucoma and fellow eyes as determined by microperimetry at each retinal locus is presented in Fig. 3 . This demonstrates reduced retinal sensitivity in the inferior macula in patients with focal ischaemic glaucoma. In the fellow eyes, reduced retinal sensitivity is demonstrated at fixation and inferiorly within the inner ring (2 degrees of eccentricity) and outer ring with preservation of retinal sensitivity in the middle ring. 2) Patients with fellow eye classed as GREEN (no thinning) on OCT global index of RNFL thickness. This demonstrates no difference between the two groups: microperimetry does not detect differences between patients with structurally normal and structurally abnormal peripapillary RNFL thickness on OCT imaging. dB decibels
Discussion
In this study, we have identified that most patients with presumed unilateral focal ischaemic glaucoma with a normal SAP examination in the fellow eye have abnormalities on OCT imaging of the RNFL (54%) or reduced retinal sensitivity on microperimetry (81%) in the fellow eye. In all, 89% of patients had abnormalities on either microperimetry or OCT imaging and only 4 patients out of the 37 with presumed unilateral disease had a normal examination with both OCT imaging and microperimetry examination in the fellow eye.
Microperimetry is an ideal functional tool to detect subtle visual field deficits in the fellow eyes in this patient group where it is assumed that scotomas are likely to develop close to fixation. This subjective test is becoming established as a reproducible outcome measure in clinical trials of macular disease in the evaluation of thresholds of retinal sensitivity and fixation behaviour [14] . In the context of clinical glaucoma studies, microperimetry is most often used as a tool to evaluate the functional characteristics of the central 10 degrees around the fovea but cannot currently evaluate visual field deficits in the peripheral retina [13, [15] [16] [17] . The real-time eye tracking and adjustments made during testing in theory increase the reliability of the measures of threshold due to the consistency of the visual space being tested throughout the examination, though this has not been independently verified. However, MAIA have developed a new microperimeter (Compass), which may be used in further clinical studies to directly compare 24-2 HVF testing with a microperimetry assessment over the same field. This would allow a calculation of the sensitivities and specificities of each test in this patient group.
In patients in this study where fixation is threatened in the eye with glaucoma, it is surprising to detect statistically significant poorer fixation in the fellow eye. The reasons for this finding are unclear, although it may be possible that eyes with glaucoma have adapted to maintain steady fixation with a small, central visual field defect. Additionally, the test-retest variability of microperimetry has been defined in one study and found to be superior in the control eyes when compared with eyes with fixation-threatening glaucoma [18] . Fixation instability on microperimetry has been suggested as an early marker of glaucoma [19] .
The finding that 81% of patients had an abnormality on microperimetry in the presumed normal fellow eye was unexpected given that the SAP results were normal. An abnormality was defined as an abnormal global macular integrity index. This index is determined by the MAIA software's internal database, which compares the responses of patients with those obtained from normal age-matched controls. The software produces a histogram defining the normal range of thresholds for the points tested within the central area. Each point is compared to this database and colour coded as to the threshold and the probability of it being outside of the normal range (Fig. 1 ). Any points with colour coding yellow or warmer were classified as abnormal as this puts it firmly outside the normal range according to threshold. When a cluster of abnormal points were seen, the field plot can be considered abnormal. In order to limit bias, we performed microperimetry assessment on the fellow eye following examination of the eye with focal ischaemic glaucoma Fig. 3 Summation of retinal sensitivity as determined by microperimetry in a eyes with focal ischaemic glaucoma and b fellow eyes. The plots represent retinal sensitivity rather than visual field abnormalities. The inferior retina appears to have reduced sensitivity in the eyes with glaucoma. The fellow eyes have reduced retinal sensitivity in the centre of the fovea and inferiorly close to fixation. The difference in retinal sensitivity between superior and inferior retina increases with eccentricity, such that the outer ring is most abnormal in comparison to the inner and middle rings (as demonstrated in Supplementary Figure 2) to allow any learning effect to advantage microperimetry performance in the fellow eye. It is known that threshold values are often lower on microperimetry when compared to SAP: mean macular sensitivity was found to be significantly lower on microperimetry when compared to SAP on the same test subjects with advanced primary open angle glaucoma [13] . This is likely to reflect differing test sensitivities.
For established visual field deficits, clinical studies have identified a significant correlation between 10-2 SAP and microperimetry in affected quadrants in glaucoma. However, a previous study has shown that 21% of the normal quadrants on SAP had an abnormal microperimetry result, and of these, 75% had abnormal structural imaging on OCT imaging, although the proportion of patients with normal or abnormal quadrants on OCT imaging who had abnormal microperimetry was not reported [20] . We have identified in this study that abnormalities on microperimetry were more common than abnormalities on OCT imaging in the fellow eye of patients with focal ischaemic glaucoma using global indices. This may reflect the limitations of a subjective test or may represent reduced sensitivity in macular regions corresponding to focal dysfunctional retinal ganglion cells prior to retinal ganglion cell death and RNFL thinning. Our findings of microperimetry abnormalities in patients with normal SAP examination is consistent with findings in a previous study of glaucoma patients with unselected glaucoma subtypes [20] . In patients with very advanced glaucoma, microperimetry has been explored as a tool to determine progression [21] . Microperimetry, without automated fundus tracking, was able to detect areas of reduced retinal sensitivity in the context of focal RNFL defects detected on Argon blue SLO imaging, detected in only 14 of the 25 eyes with standard perimetry [22] .
Microperimetry also permits an analysis of the location of reduced retinal sensitivity within the macula in patients with focal ischaemic glaucoma. In this study, microperimetry examination of patients with focal ischaemic glaucoma identified infero-temporal paracentral reduction in macular sensitivity more prominent at 6 and 10 degrees eccentricity when responses from all 37 subjects were summated. Responses at 2 degrees were relatively spared. Other studies have explored the correlation between ganglion cell inner plexiform thickness and Cirrus OCT finding correlation in all visual field/retinal sectors, most prominently inferiorly and temporally [23] . Glaucomatous structural and functional changes may be most prominent in this retinal region, as demonstrated in other studies [17] . In the fellow eyes, there appeared to be reduced sensitivity inferotemporally at 2 degrees and at fixation with preservation of more eccentric responses. The reasons for this pattern of loss of retinal sensitivity are unclear.
RNFL indices on OCT imaging correlated in one study with both microperimetry and SAP [13] . We did not find a structure-functional correlation when examining the lowest microperimetry thresholds in patients with normal and abnormal OCT classifications in the fellow eyes. This may be in part because the depth of RNFL thinning covers a wide range of RNFL thicknesses within a single classification (i.e. subtle and severe thinning may both be classified as outside normal limits on OCT imaging). However, the absence of correlation between microperimetry and OCT imaging in the fellow eyes suggests a poor structure-function correlation in early disease. Therefore, as with SAP, abnormalities on microperimetry may be considered non-specific and not necessarily congruous to identified structural defects on OCT imaging.
OCT imaging of the peripapillary RNFL in this study identified that many fellow eyes (20 out of the 37 eyes) demonstrate an abnormally thin RNFL in at least one quadrant when compared to normative databases of healthy, age-matched controls that is unsurprising given the results of microperimetry. A follow-up study to determine which of these patients in time develop visual field loss detectable on either microperimetry or later with SAP would be of interest. In particular, it would be useful to determine whether OCT imaging or retinal sensitivity on microperimetry is more predictive and whether those patients with abnormal test results with both modalities are more likely to develop glaucoma detectable on SAP. One of the limitations of this study was the inability to define the specificity of both microperimetry and OCT imaging in the context of focal ischaemic glaucoma; further studies are required to determine this. New microperimeters that allow a direct comparison with 24-2 HVF testing with similar test grids are likely to make such a study possible.
In conclusion, focal ischaemic glaucoma is characterised by early visual field deficits threatening fixation [2, 7, 24] . In patients with unilateral disease, early detection of disease in the fellow eye and the subsequent treatment is critical to prevent bilateral central scotomas, which may threaten reading or driving vision [9] . SAP is often the primary diagnostic tool used to detect early disease in the fellow eye. This study demonstrates that microperimetry and OCT imaging of the RNFL may detect early disease in the fellow eyes of patients with presumed unilateral focal ischaemic glaucoma who have a normal SAP examination in the fellow eye. These tests may serve an important clinical utility for reducing the risk of bilateral visual loss in this patient group.
Summary
What was known before
• Focal ischaemic glaucoma is associated with visual loss threatening fixation early in the clinical course.
• Early detection of disease in fellow eyes of patients with presumed unilateral glaucoma is important to prevent bilateral scotomas at fixation.
• Microperimetry is a form of fundus tracking perimetry that has not been evaluated in this patient group.
What this study adds
• Microperimetry and optical coherence tomography imaging of the retinal nerve fibre layer detect abnormalities in most fellow eyes of patients with presumed unilateral focal ischaemic glaucoma.
• Microperimetry appears to have a greater sensitivity than OCT imaging.
• Microperimetry, where available, should be considered for the early detection of glaucoma in the fellow eyes of this patient group.
